Abstract: In this paper, we propose and demonstrate a joint optical signal-to-noise ratio (OSNR) and a nonlinear distortions estimation method. The OSNR is calculated by considering either the link parameters or the correlation operations of the training symbols. The nonlinear distortions estimation in this calculation comes from different nonlinear sensitivities of these two methods. The indicator of NL penalty is defined as the ratio of nonlinear distortion power to the signal power. As the estimation method, based on link parameters, has low computational complexity, and the training symbol used for the OSNR estimation is inherently indispensable for frame synchronization, this nonlinear distortion estimation method introduces a few complexities and no extra overhead. Experimental results obtained by using a 200 Gb/s 16 QAM DWDM system establish the accuracy of the proposed OSNR estimations method, with errors less than 1 dB. The nonlinear distortions were also measured under different simulation conditions, using a coherent optical OFDM system, and the results are in accordance with the expectations.
Introduction
In Recent years, following the explosive growth in bandwidth demand, high-order modulation formats and dense wavelength division multiplexing (DWDM) have been increasingly applied to improve spectrum efficiency and expand communication capacity. Concurrently, the next generation reconfigurable optical network has started looking for flexible grid size, adaptive modulation formats and transmission rate, according to the bandwidth requirements and channel conditions. Whether it is traditional static optical network or future dynamic optical network, the basic requirements for an efficient and reliable optical network are performance monitoring, fault location and damage repair.
For decades, optical signal-to-noise ratio (OSNR) has been a key parameter for optical performance monitoring (OPM). The transmission systems can function well only within a proper range of OSNRs. Many methods were proposed for in-band OSNR estimation, such as polarization nulling [1] , narrow bandwidth filters [2] , optical delay interferometer [3] , delay-tap sampling [4] and training symbols [5] . However, higher launch power and denser grid allocation introduce considerable nonlinear (NL) distortions into the communication system, such as self-phase modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM). The accuracy of some of the above mentioned OSNR estimation methods are reduced by the NL distortions. Therefore, many NL insensitive OSNR estimation methods have been reported. The OSNR can be estimated by adding LFM signal pilots [6] , adding differential pilots [7] , [8] , using statistical moments [9] , or utilizing the correlation function [10] . High accuracy and large nonlinear tolerance are achieved by these methods. However, some of these methods reduce the spectrum efficiency by adding pilots, or improve the complexity of DSP. We intend to use a straightforward and more cost-effective method, based on transmission link parameters, to measure the NL insensitive OSNR.
Since the NL distortions damage the signal quality to such an extent that the original signals cannot be recovered even with a high OSNR, the signal quality can no longer be judged by OSNR performance alone. Therefore, to calculate the performance limits, it is mandatory to consider NL distortions, together with the OSNR, as an indicator.
Previously, a series of NL estimation and compensation methods were reported. Digital back propagation technique was investigated in [11] to mitigate inter-channel nonlinearity. In [12] , a time domain approach, utilizing perturbative model, was proposed in uncompensated links propagation. In [13] and [14] , equalizers, based on fiber third-order Volterra kernels, were introduced in frequency domain. These models play the main role of nonlinear estimation and compensation, but, in doing so, they introduce high complexity. This necessitates a cost-effective method, without complicated digital signal processing (DSP), for the OPM, before establishing and compensating for the nonlinear model. For instance, when the modulation format alters from Quadrature Phase Shift Keying (QPSK) to 16 quadrature amplitude modulation (QAM) or 64 QAM, timely NL distortions estimation will be required for power budget adjustment. NL distortions estimation is also essential, especially, in a reconfigurable optical add-drop multiplexers (ROADM) enabled network, because NL distortions constrain the designing of the number and channel spacing of additional channels.
In this paper, the authors propose a joint in-band OSNR and NL monitoring method, supported by transmission link parameters and training symbols. On the one hand, a NL distortion-insensitive OSNR is estimated, using link parameters, such as EDFA gains, noise figures and optical signal powers, in the cascaded erbium-doped optical fiber amplifiers (EDFAs) fiber communication system. As NL distortions only affect the signal quality without impacting the signal power, this method is insensitive to NL distortions. On the other hand, the OSNR monitoring method, based on training symbols, derives OSNR from a priorly calibrated relationship between OSNR and electrical signalto-noise ratio (ESNR), and the ESNR from a correlation operation of the training symbols [5] . For this method, NL distortions can be viewed as the additional noise, based on the GN model [15] , which will influence OSNR estimation performance. Thus, it is reasonable to conclude that the difference between the OSNRs estimated by these two methods reflects the NL distortions of the same system. As monitoring of link parameters is, by default, a part of network management system, using training symbols is inevitable for calculating ESNR for frame synchronization, and hence the joint estimation method, which is being proposed here, does not introduce any extra overhead. Validation of the efficacy of the proposed estimation method is demonstrated through simulations, using MATLAB and VPI Transmission Maker 9.1.
The remainder of this paper is organized as follows: Section II presents the theory behind the OSNR monitoring method, based on link analysis, and demonstrates it through a 200 Gb/s 16QAM experiment; Section III presents the proposed NL estimation method and validates its reliability through simulations; finally, the conclusions drawn from this study are presented.
Principle of OSNR Monitoring
In the OSNR estimation method, supported by transmission link parameters, OSNR penalty results from the ASE noise that accumulates in the cascaded EDFAs. The ASE noise power and the noise figure (NF) that measure degradation of SNR in an EDFA are expressed as follows:
where P A SE stands for ASE noise power, n sp for spontaneous emission factor, G for EDFA gain, h for the Planck constant, which equals to 6.625 × 10 −34 Ws 2 , ν for signal frequency, B 0 for optical bandwidth in 1.55 μm windows (usually 0.1 nm) [16] , and F for NF, denoting the ratio of input and output SNRs of an EDFA. Thus, ASE noise is calculated using (3) . OSNR is the ratio of signal power P sig and total noise power P tot A SE , which is the sum of P A SE in all EDFAs (4) .
P in is the EDFA's input signal power, and m is the product of gain in mth EDFA and loss in mth fiber, which can be further simplified as follows:
where F N 1 N 2 is an equivalent NF of the link between two arbitrary amplifiers EDFA N1 and EDFA N2 , indicating that the OSNR penalty can be linearly added to the inverse of OSNR. As the link condition changes from time to time, the only thing that needs to be watched is the current F N 1 N 2 value. The accuracy of this estimation method was verified through experiments on 150 Gb/s 8 QAM and 200 Gb/s 16 QAM DWDM transmission system, with 1400-km standard single mode fiber (SSMF). The experimental setup is shown in Fig. 1 . The transmission link consists of 14 spans of 100 km SSMF and 3 ROADMs, which are linked by EDFAs to compensate for their losses. The loss of fiber and connector of each span is variable around 25 dB, and each ROADM attenuates the power by about 7 dB. Gains of EDFAs range from 14 dB to 25 dB on demand, because each EDFA imposes a gain tilt of about −1 dB among the 96 channels, due to uneven Erbium-doped fiber gain spectrum. Thus, pre-emphasis of 0.625 dB/THz was implemented by the ROADM on every 3 EDFAs to flatten the powers of all channels. EDFAs' noise figures range from 3 dB to 6 dB, denoting the OSNR penalty of ASE noise. Among the 96 channels, which range from 191.30-196.05 THz with 50 GHz channel spacing, only 12 channels contain signals while the others are filled with Gaussian white noise for simplicity.
In the experiments, the gains of the first EDFA were altered over a range of 19-23 dB and the output OSNR of each EDFA estimated to cover an OSNR range of 15-30 dB. Then, the estimated OSNRs of channels 1, 3, 94, and 96, obtained from the formulas given above, were compared with the measured OSNRs by optical spectrum analyzer (OSA), using integral method. This estimation method was proved to be highly accurate, with estimation errors of less than 1 dB, regardless of the gains or output powers. As all the four channels performed similarly, the performance of only channel 94 is illustrated here (see Fig 2(a) ). Then, the gains of EDFA were fixed and its output powers swept from 16-24 dBm. The above process was repeated, and the results were found to be the same, as shown in Fig. 2(b) .
In this experiment, the input power of each channel can be set and confirmed in the network management system. The noise figure of each EDFA among the EDFA's gain spectrum, under different input powers, is measured and uploaded to the network management system as well. Thus, it is convenient to directly read the system parameters of an aimed channel. As the centralized software defined optical network technology develops, system parameters tend to be more transparent and available. Thus, this method is easier, more cost-effective and independent of algorithm and device, compared with DSP based methods.
As the NL distortions governed by SPM and XPM are elastic, in the sense that no energy is exchanged between the electromagnetic field and the dielectric medium, they lead to spectral and temporal changes in the optical wave without changing its energy [17] . And, as this method is concerned only with the powers of signals and ASE noises, it can be inferred to be insensitive to NL distortions. To confirm this hypothesis, a series of simulations were conducted with MATLAB and VPI Transmission Maker 9.1. In a 10 × 100 km coherent optical transmission system (the same CO-OFDM system was used thereafter and will be described in more detail below), the fibers' nonlinear parameter γ was set to vary from 0 to 3.95/W/km. For each setting, the fiber input power was swept from −10 to +10 dBm. Under the same input power, the simulation results show no obvious difference among the OSNRs, despite variations in NL parameters; besides, for different input powers, all the estimation results are in accordance with the expectations presented in Fig. 3 . It means that this method is nonlinearity insensitive. Since the theoretical model of this OSNR estimation method is based merely on link parameters, it can be inferred that the method is adaptable whatever the modulation formats or multiplexing technology are. Simulation results prove it to be accurate and applicable in multi-carrier, as well as single carrier systems.
Based on the principles of OSNR estimation and NL distortions, and the simulation results, a modified OSNR model is proposed here, as shown below by (7) . Despite varying NL distortions, the total signal power P tot sig remains unchanged, which includes two parts, namely, the equivalent power of NL distortions P N L denoting the signal degradation due to nonlinearity, and the equivalent signal power P sig , which is not affected by NL. Higher NL distortions merely raise the proportion of P N L , but they do not change either the total power P O SN R I = P tot sig
Principle of NL Monitoring
The dependence of refractive index on power is responsible for the Kerr-effect [17] , which results in nonlinear distortions of optical fiber transmission. The Kerr effect is determined mainly by the nonlinear parameter γ, which bears a standard relation with nonlinear-index coefficient n 2 , as shown in (8) . The nonlinear phase shift is then expressed by (9):
where P is the optical power, A eff is the effective mode area, which, by default, is 80 × 10 −12 m 2 in SSMF, and L eff is the effective length of the fiber, which depends only on fiber attenuation.
Derivation of NL distortions by the proposed method involves two steps. First, the OSNR, which is insensitive to NL distortions, is calculated by the transmission link parameters, as explained above. Then, utilizing the correlation operation of training symbols, OSNR with ASE noise and the NL distortions involved, are acquired. The NL distortion can be acquired by simple computation.
In OSNR monitoring method based on training symbols, for a coherent optical OFDM system, every subcarrier contains several frames for both X and Y polarizations. For each frame, a series of training symbols TS1 and TS2 are generated ahead of data. The frame structure of the training symbols is depicted in Fig. 4 . After transmission and coherent reception, TS1 are used for symbol synchronization in both polarizations. Through fast Fourier transform (FFT) operation, the received signals are transferred to the frequency domain. Then, the remaining training symbols TS2 are utilized for polarization demultiplexing and channel estimation. From the received data, only TS1 need to be recovered for ESNR calculation, and this greatly reduces computational complexity. The received TS1 of the k-th subcarrier in X polarization can be expressed as (10):
where H (k) denotes the channel's transmission function, c X (k) and s X (k) the received and original TS1, and n X (k) the noise in the channel. The noise is supposed to be normally distributed and not correlated with the signal. Autocorrelation of c X (k) and cross-correlation between c X (k) and s X (k), to obtain the ESNR, are conducted, using the following equations:
where R s (0) and R n (0) represent, respectively, autocorrelation of signal c X (k) and noise n X (k) with zero delay. According to [18] , the inverse of OSNR obeys a linear relationship with the inverse of ESNR, as shown below:
In this formula, A is a proportional constant between ESNR and OSNR, and B a constant, relevant to the transmitters' and receivers' background phase noises [18] . Both A and B can be calibrated by measuring ESNRs against a series of known OSNRs and performing a linear fit between 1/ESNR and 1/OSNR [18] . Based on this formula, OSNR can be derived from ESNR.
In this DSP-based OSNR estimation method, the NL distortions cannot be ignored, because the GN model considers P N L as additional Gaussian noise that can be directly added to the signals. After polarization demultiplexing and channel estimation, fiber's linear effects such as different kinds of dispersions can be eliminated, however, ASE noise and NL distortion remain. Thus, ESNR can act as an accurate indicator of them, and it is the same with OSNR estimated with this method. This OSNR is expressed as O SN R I I to distinguish it from O SN R I (15) , as shown below:
The traditional OSNR concerns mainly the NL insensitive OSNR monitoring, such as O SN R I . However, this O SN R I I is inherently sensitive to NL distortion as ESNR does. It might be better to (16)). It emerges that the approximation can be made only if O SN R I is far greater than 1.
The ratio of P N L and P sig , named as NL penalty, may serve as a performance metric for NL distortions, the same way as OSNR does. As this ratio shares the same scale and denotes the relationship between signals and distortions as OSNR does, the proposed NL penalty can be naturally subsumed into the current OPM evaluation standard.
We just used simulation systems to investigate the second OSNR estimation method and NL monitoring based on two reasons. One is that it is not feasible to change the DSP scheme of the commercial transmission system setup we used in the experiment of the first OSNR estimation. Another is that only in the simulation can we easily change the nonlinearity by setting different input power and fiber's nonlinear parameters. The simulation's setup is shown in Fig. 5 . At the transmitter, the offline DSP produces and encodes two independent data sequences, which were sampled with 32 GSa/s rate in X polarization and Y polarization, generated from AWG and modulated with IQ modulators. A pair of polarization beam splitter/combiner was used to separate the two optical carriers and join the two tributaries. The signals were then transmitted through a fiber link, having 10 spans of 100 km SSMFs, whose losses were compensated with EDFAs. The output power was adjustable with a variable optical attenuator (VOA). At the receiver, a tunable optical filter was used to extract the required bandwidth and remove the out-band noise, and then the signals transmitted through an electrical amplifier. Afterward, the signals go through two PBSs and a pair of 90°hybrids, and then detected with four balanced photodiodes. A chain of DSP operations was conducted, which included frequency offset compensation, frame synchronization, polarization demultiplex, ESNR calculation, OSNR calibration and NL estimation.
First, γ was set as 0 to ensure that that no NL distortion is added, the degradation of ESNR only results from the ASE noise. In order to obtain A and B in (14) , a linear fitting between a series of 1/OSNRs and 1/ESNRs was performed. The 1/OSNRs are of different launch powers, measured by signal analyzers in VPI, and the 1/ESNRs are computed with (11)- (13) in Matlab. This calibration procedure is the same as that described in [5] , except for the difference in A and B due to different background phase noises of two systems. For simplicity, we just give the result that, in the X polarization, 1/OSNR = 0.4734 × 1/ESNR-0.0006595, while in the Y polarization, 1/OSNR = 0.5672 × 1/ESNR-0.0007916.
According to (9) , power and NL are the two important parameters that determine the strength of the nonlinear distortions in the fiber. To check this, the launch powers of laser (−6 to 10 dBm) and Taking advantage of (16), the relationship of NL penalty of signals in Y polarization (in dB unit) versus power, under different NL parameters, is shown in Fig. 7 . The green line, which denotes that γ is 1.32/W/km, stands for the SSMF that is universally utilized in optical communication systems. When the input power was high, NL penalty was linearly dependent on power. With lower input powers, the OSNRs became subsequently lower, leading to increase in approximation deviation in (16) , and making the lines with large γ appear concave, as the solid lines show. In contrast to this, the dashed lines show the precise NL penalty without approximation. It is found that, without approximation, the concave lines became flatter, though not straight. The authors consider that further exploration is needed to find an explanation for this.
As already demonstrated above, the noise includes two parts, the ASE noise and the NL distortion, the former having no relation to the signal power, and the latter being proportional to the signal power. As the power increases, NL distortion starts dominating the ASE noise, and thus one can get optimal signal power with the lowest total noise. The optimal signal power decreased as the NL parameter became larger. As NL distortion is derived by subtracting the ASE noise from the total noise, the estimation result is more accurate in the NL distortion-dominant region. On the contrary, when the ASE noise is dominant, the performance difference in its estimation between the two methods is comparable to the NL distortion, and hence it becomes difficult to extract the exact amount of nonlinearity. In general, this NL estimation method is better used for SSMF or fibers with higher NL parameter.
The measured value of n 2 for silica fiber varies over a wide range, from 2.20 to 3.95 × 10 −20 m 2 /W, depending on the fiber type and the technique used [19] . Also, effective mode area, which again depends on the fiber used, influences the NL parameter likewise. Therefore, the relationship of NL penalty versus NL parameter, under different input powers, is shown in Fig. 7 . For a better understanding, the fiber types are marked as SSMF, dispersion-shifted fiber (DSF), and dispersioncompensating fiber (DCF) with dotted lines. Their NL penalty versus power relationships are in accordance with the predicted trends.
Overall, it can be concluded that NL penalty is positively related to power, as also to NL parameter, as can be seen from Fig. 7 .
For a more intuitive and quantified cognition, using a pair of certain input power and nonlinear parameter, a contour map was drawn (see Fig. 8 ) to show how the magnitude of NL distortions changes with contributions from both power and nonlinear parameter. This is illustrated by marking a series of contours with uniform spacing and using the colorbar to represent NL penalty. Increase in both power and NL parameter led to increase NL penalty. A dashed line was drawn where the value of γ is 1.32/W/km, which stands for SSMF. When the launch power was rather low, the NL distortion became susceptible to ASE noise; on the other hand, when it was high, the NL distortion became so large that the signals deteriorated too severely to be recovered. However, it is noticed that NL penalty may not be the minimum when the input power is the lowest, because ASE noises perform overwhelmingly, compared with NL distortions, under low input power and small NL parameter conditions.
Conclusion
In this paper, the authors have proposed a joint OSNR and nonlinear distortions estimation method. The OSNR is calculated by using either the link parameters or the correlation operations in Rx DSP, both of which are cost-effective. The accuracy of the link parameters-based OSNR method was verified through experiments on a 200 Gb/s 16 QAM DWDM system, and the DSP-based method, through simulations. According to the authors' analysis, these two methods follow different OSNR calculation models and, therefore, have different NL sensitivities. Therefore, the influences of NL distortions, due to difference between the two OSNR calculation models, were extracted and the ratio of nonlinear distortion power to the signal power defined as the NL penalty to indicate solely the nonlinearity induced impairment. The results of simulation under different conditions, using a coherent optical OFDM system, establish that the proposed method is effective for estimating nonlinear distortions. From the estimated NL distortion, one can get a more comprehensive assessment of the signals' quality, besides OSNR. Also, the proposed method can be used to estimate the optimal power budget required for flexible grid ROADM enabled networks.
